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ROPs constitute a family of plant-speciﬁc, RHO-like small GTPases that serve as molecular switches
in a wide range of signaling pathways. The activities of ROPs are regulated by guanine nucleotide
exchange factors (GEFs). ROP11, a member of the ROP GTPase family in Arabidopsis, is a negative
regulator of multiple ABA responses. In this study, we show that ROPGEF1 and ROPGEF4 interact
with ROP11 on plasma membranes in guard cells. Furthermore, our analyses of ROPGEF1/4 knock-
out mutants and overexpressing lines suggested that ROPGEF1 and ROPGEF4 are speciﬁc regulators
of ROP11 function in ABA-mediated stomatal closure.
Structured summary of protein interactions:
ROPGEF9 and Rop11 physically interact by protein complementation assay (View interaction)
ROPGEF9 physically interacts with Rop11 by two hybrid (View interaction)
ROPGEF1 and Rop11 physically interact by bimolecular ﬂuorescence complementation (View
interaction)
ROPGEF4 physically interacts with Rop11 by two hybrid (View interaction)
ROPGEF2 and Rop11 physically interact by protein complementation assay (View interaction)
Rop11 physically interacts with ROPGEF1 by anti tag coimmunoprecipitation (View interaction)
ROPGEF1 and Rop11 physically interact by protein complementation assay (View interaction)
ROPGEF4 and Rop11 physically interact by protein complementation assay (View interaction)
ROPGEF8 physically interacts with Rop11 by two hybrid (View interaction)
ROPGEF8 and Rop11 physically interact by protein complementation assay (View interaction)
ROPGEF2 physically interacts with Rop11 by two hybrid (View interaction)
Rop11 physically interacts with ROPGEF4 by anti tag coimmunoprecipitation (View interaction)
ROPGEF4 and Rop11 physically interact by bimolecular ﬂuorescence complementation (View
interaction)
ROPGEF1 physically interacts with Rop11 by two hybrid (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
ROPs (Rho GTPases of plants) constitute a family of plant-
speciﬁc, RHO-like small GTPases that serve as molecular switches in
a wide range of signaling pathways, including those that regulate
polar growth of pollen tubes and root hairs, pathogen defense,
and hormone responses [1,2]. The activities of ROPs are controlledchemical Societies. Published by E
e factors; CA, constitutively
luciferase complementation
orescence complementation;
).by guanine nucleotide exchange factors (GEFs) which function as
positive regulatory proteins by stimulating the exchange of ROP
GDP-bound form (inactive) for ROP GTP-bound form (active). In
Arabidopsis, a family of 14 PRONE (plant-speciﬁc ROP nucleotide
exchanger) domain-containing GEFs named ROPGEFs has been
identiﬁed [3,4]. The conserved centrally localized PRONE domain
is necessary and sufﬁcient to catalyze the nucleotide exchange
while the N and C terminus regulate GEF activity. ROPGEFs have
been shown to regulate the polar growth of pollen tubes [4–6],
the maintenance of the root stem cell niche [7], and root hair
development [8], phytochrome-mediated growth and develop-
ment of roots [9].
The phytohormone abscisic acid (ABA) plays crucial roles in reg-
ulating plant growth, development, and responses to abiotic stres-lsevier B.V. All rights reserved.
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been identiﬁed, and a minimal set of core components of a
complete, major ABA signaling pathway was identiﬁed [12–14].
In our previous study, we identiﬁed ROP11, a member of the ROP
family, as a negative regulator of multiple ABA responses in
Arabidopsis, including induction of ABA-responsive genes and
ABA-mediated seed germination, seedling growth, stomatal clo-
sure, and plant response to drought stress [15]. Expression of a
constitutively active ROP11 (CA-ROP11) suppresses ABA-mediated
responses, whereas reduced expression of ROP11 or expression of
its dominant-negative form (DN-ROP11) causes the opposite phe-
notypes. We also provided biochemical evidence that ROP11 nega-
tively regulates ABA signaling by protecting the phosphatase
activity of ABI1, which is an intermediate component in the signal-
ing pathway, from inhibition by the ABA receptor RCAR1/PYL9
[16]. However, which ROPGEF regulates ROP11 function remains
unknown.
In this work, we demonstrate that ROPGEF1 and ROPGEF4 are
the functional regulators of ROP11 in ABA-mediated stomatal clo-
sure in Arabidopsis. This ﬁnding provides new insights into our
understanding of how the ABA signaling regulates plant responses
to drought stress.2. Materials and methods
2.1. Plant material and growth conditions
Arabidopsis thaliana (ecotype Columbia) and Nicotiana benthamiana
were used. Sterilized Arabidopsis seeds were sown on MS medium
containing 1% sucrose. After stratiﬁcation for 3 d at 4 C, the plates
were transferred to a growth room at 23 C under a 16-h-light/8-h-
dark photoperiod with a light intensity of 80 lmolm2 s1. For
phenotypic analysis of adult plants, 8-day-old seedlings were
transplanted into soil (rich soil:vermiculite = 1:1) and grown to
maturity. N. benthamiana seeds were sown directly into soil and
grown for 5 weeks before use. The T-DNA insertion mutants of
ROPGEF1 (SALK_144922), and ROPGEF4 (SAIL_184_C08) were ob-
tained from the Arabidopsis Biological Resource Center (www.ara-
bidopsis.org/abrc/). Homozygous plants of each T-DNA line were
identiﬁed by PCR analysis using primers designed with the aid of
the following website: http://signal.salk.edu/tdnaprimers.2.html;
the sequences of primers used for identiﬁcation are provided in Ta-
ble S1. The gef1gef4 double mutants were obtained through genetic
cross using single mutant lines. The 35S-ROPGEF1, 35S-ROPGEF4,
and all promoter-GUS transgenic plants were generated with the
ﬂoral dip transformation procedure using Agrobacterium tumefac-
iens strain GV3101 [17]. Transformants were selected on MS
medium in the presence of 40 lg/ml kanamycin or 30 lg/ml
hygromycin. The homozygote transgenic lines were selected in
the subsequent generation based on the segregation of kanamycin-
or hygromycin-resistant phenotypes.
2.2. Construction of plasmids
The detailed procedures for construction of all the plasmids used
in this study are described in the Supplementary data. Transgenic
Arabidopsis plants were generated by the ﬂoral dip method [17].
2.3. RT-PCR analysis of gene expression
For RT-PCR analysis, total RNAs were extracted from 9-day-old
seedlings of SALK T-DNA lines using the RNAeasy kit (QIAGEN). The
ﬁrst-strand cDNA was synthesized using the Invitrogen Super-
script||cDNA Synthesis Kit. RT-PCR was performed with the speciﬁc
primers listed in Table S1.2.4. Yeast two-hybrid analysis
Yeast two-hybrid (Y2H) analysis was carried out with the
MatchMaker GAL4 Two-Hybrid System 3 (Clontech) according to
the manufacturer’s instructions. The coding sequences of interest
were cloned into either pGADT7 or pGBKT7 vectors. The resultant
constructs were co-transformed into the yeast strain AH109.
Transformants selected from SD/-Trp/-Leu medium were trans-
ferred onto SD/-Trp/-Leu/-Ade/-His medium and were allowed to
grow for 3–5 d at 30 C.
2.5. Histochemical analysis of GUS activity
The histochemical analysis of GUS activity was performed
according to Jeffeson [18].
2.6. Transient protein expression in tobacco
Agrobacterium-mediated transient expression in N. benthamiana
leaves was performed as described [19]. An Agrobacterium suspen-
sion carrying a given construct was inﬁltrated into young, fully ex-
panded N. benthamiana leaves using a needleless syringe. For co-
inﬁltration, the two Agrobacterium cultures were mixed in a 1:1 ra-
tio. After inﬁltration for 50 h, subcellular localization of GFP or
mCherry-tagged proteins in leaf pavement cells was determined
with a Zeiss LSM 710 confocal microscope. For ﬁreﬂy luciferase
(LUC) complementation imaging assays (LCI), luciferin was sprayed
on the surface of N. benthamiana leaves, and LUC ﬂuorescence
chemical signal was captured with a low-light cooled CCD camera
(Andor iXon CCD camera, Andor Technology Ltd., South Windsor,
CT). The ﬁrst 5 min of exposure were used to quench background
ﬂuorescence, and the second 5 min of exposure were used to col-
lect the LUC signal. For co-immunoprecipitation assays, leaves
were harvested, frozen in liquid nitrogen, and stored at 80 C
for further use.
2.7. Protein extraction and immunoprecipitation
Protein extracts were prepared from N. benthamiana leaves in-
jected with Agrobacterium suspensions with a given construct. N.
benthamiana leaves (2 g) in liquid nitrogen were ground into a ﬁne
powder. The powders were transferred into 4 ml of ice-cold extrac-
tion buffer (150 mM NaCl, 50 mM Tris–HCl (pH 7.5), 5 mM EDTA,
1% Triton X-100, 1 mM DTT, 1  cocktail protease inhibitor
(Roche), and 1 mM PMSF), brieﬂy mixed with a vortex mixer, and
incubated at 4 C for 30 min. The protein extracts were centrifuged
at 8000g for 10 min to remove cell debris. The protein concentra-
tion in each lysate was adjusted to the same value. Protein extracts
(1 ml) were incubated with 1 lg/ml HA monoclonal antibody
(Abmart) at 4 C overnight. Protein G agarose beads (20 ll, Roche)
were added to precipitate the antigen/antibody complex. After
incubation at 4 C for 2 h, the beads were collected by centrifuga-
tion at 8000g for 3 min, and were washed four times with extrac-
tion buffer. The beads were resuspended in 50 ll of 2  Laemmli
buffer and boiled at 100 C for 3 min to release the proteins. The
supernatant was collected by brief centrifugation. Protein samples
(15 ll) were fractionated by SDS–PAGE electrophoresis, and immu-
noblotting was performed using anti-MYC monoclonal antibody
(Abmart).
2.8. Analysis of ABA-induced stomatal closure and plant drought
tolerance
The detailed procedures for analysis of ABA-induced stomatal
closure and plant drought tolerance are provided in the Supple-
mentary data.
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3.1. ROPGEFs that interact with ROP11 in LIC and Y2H assays
To search for the speciﬁc regulators of ROP11 function in ABA-
mediated stomatal movement, we systemically survey for the
interactions between ROP11 and 14 Arabidopsis ROPGEFs using
LCI assays [20] in the leaves of N. benthamiana. Because the domi-
nant-negative (DN) form of ROPs has increased afﬁnity for ROP-
GEFs [21], the full-length coding sequences of 14 ROPGEFs were
individually cloned from Arabidopsis cDNAs and fused to the
C-terminal half of the LUC gene (LUCN). Accordingly, the codingFig. 1. Interactions between ROP11 and ROPGEFs. (A) LCI assays of the interactions betw
between DN-ROP11 and ROPGEF1, 2, 4, 8, and 9.
Fig. 2. Expression patterns of ROPGEF1 and ROPGEF4. (A) GUS staining of transgenic lines
(c) a close view of cotyledon; (d) tip of primary root; (e) maturation zone of primary roo
fully opened ﬂowers; (i) immature silique. (B) GUS staining of transgenic line carrying the
of cotyledon; (c) tip of primary root; (d) maturation zone of primary root; (e) mature lesequence of DN-ROP11 was fused to the N-terminal half of the
LUC gene (LUCC). Paired constructs of DN-ROP11-LUCC and ROP-
GEF-LUCN were transiently co-expressed in the leaves of N. benth-
amiana through Agrobacteria-mediated co-inﬁltration. The results
showed that among 14 ROPGEFs, co-expression of ROPGEF1, 2, 4,
8, or 9, with DN-ROP11 produced strong LUC activity in N. benth-
amiana leaves, whereas no or only very low LUC activity was de-
tected in combinations of DN-ROP11 and other ROPGEFs
(Fig. 1A). Next, we used Y2H assays to test the interactions be-
tween ROP11 and the ROPGEFs that were identiﬁed in LIC assays.
The full-length coding sequences of ROPGEF1, 2, 4, 8, and 9 were
cloned into the bait vector pGBK, and DN-ROP11 was cloned intoeen DN-ROP11 and 14 ROPGEFs. (B) Yeast two-hybrid analysis of the interactions
carrying the ROPGEF1-GUS construct. (a) 12-Day-old whole seedling; (b) cotyledon;
t with an emerging lateral root; (f) mature leaf; (g) a close view of mature leaf; (h)
ROPGEF4-GUS construct. (a) Cotyledons with emerging true leaves; (b) a close view
af; (f) a close view of mature leaf; (g) gynoecium; (h) sepal; (i) petal; (j) anther.
Fig. 3. Subcellular localization of ROPGEF1 and ROPGEF4 and interactions between ROPGEFs and DN-ROP11 shown by BiFC and co-immunoprecipitation assays. (A)
Subcellular localization of mCherry-tagged ROPGEF1 and ROPGEF4. (B) BiFC analyses of the interaction between DN-ROP11 and ROPGEF1 (left) or between DN-ROP11 and
ROPGEF4 (right) in stomata. In (A) and (B), the fusion YFP constructs used for co-expression in the leaves of N. benthamiana are indicated at the top. (C) Co-
immunoprecipitation analysis of association between HA-tagged DN-ROP11 and MYC-tagged ROPGEF1 or MYC-ROPGEF4. Total proteins were extracted from leaves
transiently transformed with the HA-DN-ROP11 construct alone or with MYC-ROPGEF1, MYC-ROPGEF4, MYC-ROPGEF1+ HA-DN-ROP11, or MYC-ROPGEF4+ HA-DN-ROP11. The
extracted proteins were precipitated with HA epitope antibodies and probed with MYC epitope antibodies. INPUT: total protein extracts; IP: HA-immunoprecipitated
proteins.
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transformed into yeast strain AH109. Co-expression of ROPGEF1,
2, 4, 8, or 9 and DN-ROP11 enabled yeast to grow on the selective
medium, conﬁrming that the ﬁve ROPGFEs could physically inter-
act with ROP11 (Fig. 1B).
3.2. ROPGEF1 and ROPGEF4 are expressed in guard cells
We previously reported that ROP11 is preferentially expressed
in guard cells [15]. As the functional regulators of ROP11 in the
control of stomatal movement, the ROPGEFs must also be ex-
pressed in guard cells. To determine which of the ROPGEFs identi-
ﬁed in LIC and H2Y assays are expressed in guard cells, we
individually fused the promoters of these ﬁve ROPGEFs to a GUS
reporter gene and examined their expression patterns in trans-
genic Arabidopsis plants. ROPGEF1-GUS was expressed in all plant
parts examined, including roots, leaves, ﬂowers, and siliques
(Fig. 2A). In the aerial parts, ROPGEF1-GUS was expressed in all
kinds of cells including guard cells in cotyledons, stems, sepals,
petals, anthers, stigmas, and siliques. ROPGEF2-GUS was mainly
expressed in the vascular tissues of roots, leaves, sepals, petals,
and siliques, and its expression in guard cells was not detected
(Supplementary Fig. 1). In ROPGEF4-GUS plants, GUS expression
was detected in the root vascular tissue and epidermal cells that
form the trichoblast ﬁles (Fig. 2B). Interestingly, like ROP11-GUS,
ROPGEF4-GUS was preferentially expressed in guard cells in cotyle-
dons, rosette leaves, sepals, petal, stigmas, and siliques (Fig. 2B). In
ROPGEF8-GUS and ROPGEF9-GUS plants, GUS activities were exclu-
sively detected in pollen grains and pollen tubes (Supplementary
Fig. 2A and B). Taken together, ROPGEF1 and ROPGEF4 appear to
be the only candidates that can serve as functional regulators of
ROP11 in guard cells.3.3. ROPGEF1/ROPGEF4 and ROP11 are co-localized in the plasma
membrane and exist in the same protein complex
We previously showed that ROP11 is localized in the plasma
membrane and nucleus [15]. To determine the subcellular localiza-
tion of ROPGEF1 and ROPGEF4, we fused the full-length coding se-
quence of ROPGEF1 and ROPGEF4 to a red ﬂuorescence protein
(mCherry) and transiently expressed these fused genes in N. benth-
amiana leaves. The results showed that both ROPGEF1 and ROP-
GEF4 were strongly localized in the plasma membrane and
weakly localized in the cytosol (Fig. 3A). We also used a yellow
ﬂuorescence protein (YFP) bimolecular ﬂuorescence complementa-
tion (BiFC) system to investigate where ROPGEF1 and ROPGEF4
interacted with ROP11 in plant cells. ROPGEF1 or ROPGEF1 was
fused to the N-terminus of YFP and was co-expressed with DN-
ROP11 that was fused to the C-terminus of YFP in N. benthamiana
leaves. Co-expression of ROPGEF1-YFPN or ROPGEF4-YFPN with
YFPC-ROP11 under the control of the CaMV 35S promoter recon-
structed YFP ﬂuorescence in the plasma membrane of leaf guard
cells (Fig. 3B) and pavement cells (data not shown). These results
indicated that ROPGEF1 and 4 interact with ROP11 in plasma
membranes.
We then used co-immunoprecipitation to investigate whether
ROPEGF1/4 and ROP11 co-exist in the same protein complex.
MYC-tagged ROPGEF1 or MYC-tagged ROPGEF4 and HA-tagged
DN-ROP11 gene fragments were ampliﬁed from corresponding
pGBK-ROPGEF1/4 and pGAD-DN-ROP11 vectors and cloned into
plant expression vectors and co-expressed in N. benthamiana
leaves under the control of the CaMV 35S promoter. Western blot
assays with anti-HA antibodies detected the expression of DN-
ROP11 in the leaves transformed with HA-DN-ROP11 or co-trans-
formed with a HA-DN-ROP11 and MYC-ROPGEF1 or MYC-ROPGEF4
Fig. 4. Sensitivities of ROPGEF1 and ROPGEF4 knockout mutants and overexpressing
lines to ABA-mediated stomatal closing and drought stress. (A) ABA-induced
stomatal closing of ROPGEF1, ROPGEF4, and ROPGEF1ROPGEF4 double mutants.
Three-week-old Arabidopsis leaves were treated with 5 lM ABA for 2 h (n = 100/
sample). (B) Sensitivity of ROPGEF1 and ROPGEF4 overexpressing lines (GEF1OX and
GEF4OX) to ABA-induced stomatal closing. Three-week-old leaves were treated
with 5 lM ABA. (C) Soil-grownWT, ROPGEF1 OX, and ROPGEF4 OX lines that had not
been watered for 12 d. In (A) and (B), values are mean ratios of width to length of
stomatal aperture. Error bars = S.D. for three independent experiments. Asterisk
indicates signiﬁcant difference compared to the WT (t-test, P < 0.05).
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GEF1 or MYC-ROPGEF4 proteins was conﬁrmed with MYC antibod-
ies in the leaves of plants transformed with ROPGEF1 or ROPGEF4
or co-transformed with a DN-ROP11 and ROPGEF1 or ROPGEF4
constructs (Fig. 3C, INPUT). Finally, the proteins extracted from
leaves co-transformed with DN-ROP11 and ROPGEF1 or ROPGEF4
gene constructs were subjected to immunoprecipitation with
anti-HA antibodies. In this HA-precipitated protein fraction, MYC-
ROPGEF1 or MYC-ROPGEF4 was detected by anti-MYC antibodies
(Fig. 3C, IP). These results demonstrated that ROPGEF1 and ROP-
GEF4 co-exist with ROP11 in the same protein complex.
3.4. ROPGEF1 and ROPGE4 are regulators of ROP11 function in ABA-
mediated stomatal closure
Finally, we investigated the functions of ROPGEF1 and ROPGEF4
in ABA-mediated stomatal closure and in plant tolerance to
drought stress. T-DNA insertion lines for ROPGEF1 (SALK_144922,
designated ropgef1) and ROPGEF4 (SAIL_184_C08, designated
ropgef4), which were obtained from the Arabidopsis Biological
Resource Center, were conﬁrmed to be null alleles by RT-PCR anal-
yses (Supplementary Fig. S3). There was only a slight difference in
the responses of stomata to ABA between the wild type (WT) and
each of these two single-knockout mutants (Fig. 4A). Theropgef1ropgef4 double mutant, however, showed higher ABA sensi-
tivity than the WT or the ropgef1 or ropgef4 single mutants. In con-
trast, the transgenic lines that overexpressed ROPGEF1 or ROPGEF4
under the 35S promoter were relatively insensitive to ABA-induced
stomatal closure (Fig. 4B) and became severely wilted when water
was withheld (Fig. 4C); the latter phenotype is similar to that of
plants expressing a constitutively active ROP11 protein [15].
Taken together, these results indicate that ROPGEF1 and ROP-
GEF4 are the speciﬁc regulators of ROP11 function in ABA-medi-
ated stomatal closure.4. Discussion
The activation of ROP is predominantly mediated by ROPGEFs.
In Arabidopsis, all 14 ROPGEFs and 11 ROPs share high sequence
identities within their families [1,3]. So far, the in planta ROP tar-
gets are known only for a few ROPGEFs [5–9]. In vitro biochemical
studies have shown that one given ROPGEF can act with multiple
ROPs and that one ROP can be the substrate for several different
ROPGEFs [3]. An interesting question concerns how a given ROP-
GEF distinguishes among ROPs that share high sequence identity
in regulating a particular physiological process. One possible an-
swer is that expression of ROPGEFs and ROPs may be tissue-spe-
ciﬁc. In present work, we identiﬁed ROPGEF1 and ROPGEF4 as
the speciﬁc regulators of ROP11 function in ABA-mediated stoma-
tal closure. ROP11 is preferentially expressed in the guard cells and
localized in the plasma membrane and nucleus [15]. Among ﬁve
ROPGEFs that can interact with ROP11 as shown by LIC and H2Y
assays, only ROPGEF1 and ROPGEF4 are also expressed in guard
cells and localized in the plasma membrane. Using BiFC and co-
immunoprecipitation techniques, we demonstrated that ROPGEF1
and ROPGEF4 can interact with ROP11 on the plasma membrane
and co-exist with ROP11 in the same protein complex. Further-
more, transgenic plants overexpressing ROPGEF1 or ROPGEF4
exhibited reduced sensitivity to ABA-mediated stomata closure
and thereby resembled plants expressing a constitutively active
ROP11. In contrast, the ropgef1ropgef4 double mutant showed en-
hanced sensitivity to ABA while the gef1 or gef4 single mutants
showed sensitivities that were similar to that of theWT In contrast,
the ropgef1ropgef4 double mutant showed enhanced sensitivity,
whereas single gef1 or gef4 is indistinct from the WT in response
to this ABA stimulus. These result also indicated that the roles of
ROPGEF1 and ROPGEF4 in ABA-mediated stomatal movement are
redundant. In fact, Shin et al. [22] recently reported that T-DNA
knockout lines for nine ROPGEF genes, including ROPGEF1 and
ROPGEF4, did not differ from the WT in their responses to various
abiotic stresses. However, the functions of ROPGEF1 and ROPGEF4
in regulating ROP11 activity might be different based on their dif-
ferent distributions in the plant: ROPGEF1 is ubiquitously ex-
pressed in plant aerial parts while the expression pattern of
ROPGEF4 overlaps almost completely with that of ROP11. The
expression patterns of ROPGEF1 suggest that it may act as a house-
keeping gene that controls several downstream ROP targets that
may be involved in multiple plant developmental processes and
stress responses. In contrast, ROPGEF4 could be a more speciﬁc
regulator of ROP11 function in stomatal movement.
In our study, ROPGEF2, 8, and 9 also strongly interact with
ROP11. ROPGEF2 was expressed at the initiation sites of lateral
roots and in vascular tissue, whereas ROPGEF8/9 were expressed
in pollen grains and pollen tubes. Because ROP11 was also ex-
pressed in vascular tissue, pollen grains, and pollen tubes, ROPGEF2
might be responsible for ROP11 activation in vascular tissue, and
ROPGEF8/9 might be responsible for ROP11 activation in pollen
grains and pollen tubes.
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